Purpose To investigate paroxetine's putative dose-dependent impact on pupil reaction and inhibition of the O-demethylation of tramadol. Methods Twelve healthy CYP2D6 extensive metabolizers participated in this double-blinded randomized five-way placebo controlled cross-over study; they received placebo, 10, 20, 30, and 50 mg paroxetine as single oral doses at bedtime. Next morning the pupil was measured followed by oral intake of 50 mg of tramadol, and urine was collected for 8 h. Three hours after ingestion of tramadol a second measurement of the pupil was performed. Enantioselective urine concentrations of (+/−)-tramadol and (+/−)-O-desmethyltramadol (M1) were determined. Results With placebo, the median maximum pupil diameter was 6.43 mm (range 5.45-7.75 mm) before tramadol and 6.22 mm (4.35-7.65 mm) after 50 mg of tramadol (P=0.4935). Paroxetine resulted in a statistically significant, dosedependent dilatation of the pupil with a geometric mean difference of 1.17 (95% CI 1.10-1.24) after ingestion of 50 mg paroxetine (P<0.001). Likewise, a reduction in the relative constriction amplitude with a geometric mean difference of 0.81 (95% CI 0.71-0.92) (P<0.001) was seen. Conclusions Paroxetine is a dose-dependent dilator of the pupil and as expected a dose-dependent inhibitor of (+)-tramadol's O-demethylation.
Introduction
Chronic pain and depression show considerable co-morbidity [1] , and each of the two conditions often requires treatment with drugs. Thus drug-drug interactions between analgesics and antidepressants are an important medical issue. Tramadol is a synthetic opioid used for mild to moderate pain [2] . Tramadol is a racemate consisting of (+)-tramadol hydrochloride and (−)-tramadol hydrochloride. These compounds are metabolized to (+) and (−)-O-desmethyltramadol [(+)-M1 and (−)-M1] and both reactions, but in particular the former, are catalyzed by CYP2D6 [3] [4] [5] [6] [7] [8] . (+)-M1 is the active µ-opioid receptor agonist, while (+)-tramadol is an inhibitor of the 5-HT re-uptake and (−)-tramadol inhibits norepinephrine re-uptake [9] [10] [11] [12] .
CYP2D6 is involved in the metabolism of about 15% of the medical substances that are metabolized by the CYP enzymes [13] . CYP2D6 polymorphism divides the population into two phenotypes: individuals without catalytic CYP2D6 activity, i.e., poor metabolizers (PMs), and individuals with present but variable catalytic CYP2D6 activity, i.e., extensive metabolizers (EMs). About 7-8% of the Caucasian population has the phenotype PM [14, 15] . The impaired O-demethylation of (+)-tramadol in the PM results in less (+)-M1 being formed and an impaired analgesic effect in this phenotype compared with the EM [5] . Paroxetine is a selective serotonin reuptake inhibitor (SSRI) that is metabolized by CYP2D6 [16, 17] and also an inhibitor of the enzyme [16] [17] [18] [19] [20] [21] . Paroxetine seems to be a mechanism-based inhibitor of CYP2D6 [22] . Paroxetine shows nonlinear saturation of CYP2D6 at steady-state plasma concentrations. At steady state, daily doses of 20-30 mg paroxetine result in a reduction of CYP2D6 activity by about 93% [23] .
Tramadol, like other opioids, causes a dose-dependent miosis through the active metabolite (+)-M1, which is caused by an excitatory effect on the parasympathetic nervous system [24] . Through the inhibition by paroxetine of the formation of (+)-M1, one would expect that the pupil contraction caused by tramadol would diminish when administered together with paroxetine and that both effects would be dose-dependent.
Methods

Subjects
Twelve healthy volunteers, aged 22-32 years, participated in this study, including nine males and three females. All subjects were CYP2D6 EMs as assessed by previous phenotype studies [25, 26] . Female subjects conducted a negative pregnancy test prior to the beginning of the study and used safe contraception thoughout the trial. Routine laboratory tests (blood chemistry and hematology) were within normal values. Physical examination and medical history did not reveal signs of disease, drug abuse or alcohol dependence. Concomitant medication was not allowed. Sample size calculations were based on a primary outcome represented by interindividual differences in pupil diameter of subjects receiving 10 and 50 mg paroxetine respectively. It was estimated that a difference of one standard deviation could be detected given a two-sided level of significance (α) of 0.05 and a power of 80% using ten subjects. To allow for a possible drop out rate of 15%, 12 subjects were recruited.
The study was conducted as a double-blinded, randomized, five-way, placebo controlled, cross-over study. Subjects went through five phases receiving a single dose of 10, 20, 30, 50 mg paroxetine (Paroxetin, Copyfarm, Denmark) or placebo, respectively, before bedtime. The following day a measurement of the pupil size was performed followed by administration of 50 mg tramadol (Nobligan®, Grünenthal, Germany). Three hours later, the second measurement of the pupil was performed. The subjects collected urine for 8 h after ingestion of tramadol. The five phases were separated by a wash out period of minimum 2 weeks. Packing, blinding, and randomization of the drugs was conducted by Odense University Hospital Pharmacy.
Pupil measurement
The measurement of the pupil was performed with a handheld pupillometer PLR-100™, NeurOptics Inc. The light intensity was held constant at 25 cd/m 2 for all the pupil measurements, and the same eye of each subject was measured. The subjects adjusted to the light for 2 min and then focused on a spot on the wall 3 m away. After a focus period of 3 s, a measure period of 3.2 s followed during which a flash of light was emitted and the pupillary reaction was measured. The results of a measurement consisted of the maximum and the minimum pupil diameter. From these the more robust measure of relative constriction amplitude was calculated as (max. diameter − min. diameter) / max. diameter.
Sample analysis
In all phases, total urine volumes were registered and aliquots were stored at −20°C until analysis. Concentrations of (+)-tramadol and (−)-tramadol and the metabolites (+)-M1 and (−)-M1 in the urine were determined by enantioselective high performance liquid chromatography (HPLC) as described in detail in our previous method article [27] . We have previously shown that tramadol is a validated probe for CYP2D6 phenotyping [28] . Two urinary metabolic ratios can be determined from urine collected over 8 h after ingestion of 50 mg tramadol. The first metabolic ratio (MR 1 ) is calculated as the amount of excreted (+)-tramadol divided by the amount of excreted metabolite (+)-M1. The second metabolic ratio (MR 2 ) is calculated as the amount of excreted (−)-M1 divided by the amount of excreted (+)-M1. MR 2 is the most valid measurement for determining the phenotype of CYP2D6 by using tramadol. EMs have an MR 2 <2.0, and PMs have an MR 2 ≥2.0 [28] .
Statistical analysis
Data are presented as medians with 25-75% percentile and range. Statistic inference was analyzed by means of paired t-test and repeated measures one-way ANOVA. ANOVA was followed by a Tukey's multiple comparison test. The data were transformed by the natural logarithm prior to statistical analysis in order to justify Gaussian distribution.
Results
Eleven subjects completed all five phases and one subject dropped out after four phases thereby missing the phase requiring ingestion of 30 mg paroxetine. The most frequently reported adverse events were fatigue (n=3), sleep disturbances (n=5), nausea (n=6), and anxiety (n=4).
The results from the subject that did not complete the last phase were not included in the repeated measures ANOVA and the Tukey's multiple comparison test but only presented in the figures illustrating the descriptive data.
The effect of tramadol on the pupil
The effect of tramadol on the pupil is seen by analyzing the difference between the results of the first and the second pupil measurement when 0 mg paroxetine (=placebo) was administered. The first measured median maximum pupil diameter was 6.43 mm (range 5.45-7.75 mm) and the second measured median maximum pupil diameter was 6.22 mm (range 4.35-7.65 mm) 3 h after ingesting 50 mg of tramadol. The paired t-test carried out on the logarithmic values showed no statistically significant difference between the two pupil measurements (P=0.4935). The first measured median relative constriction amplitude was 0.395 mm (range 0.252-0.464 mm) and the second measured median relative constriction amplitude was 0.375 mm (range 0.318-0.416 mm). No statistical significance was found (P=0.0954)
There was no statistically significant difference between the two measurements at any of the other phases with administration of concomitant paroxetine (data not shown). There was no correlation between the amounts of excreted (+)-M1 and pupil measurements either (data not shown). Overall, this shows that 50 mg tramadol has no effect on the pupil, and it was therefore not possible to observe a reduction in the miotic effect of tramadol with contemporary administration of different doses of paroxetine.
The effect of paroxetine on the pupil
The result that shows the exclusive effect of paroxetine on the pupil is the first measurement of the pupil in each phase as the subjects had not yet ingested tramadol at this point. The median maximum pupil diameter with 25-75% percentile and range is shown for each phase in Fig. 1 . The clear increase in the maximum pupil diameter with increasing doses of paroxetine was confirmed by repeated measures ANOVA (P<0.0001) and a subsequent Tukey's test as presented in Table 1 . The ingestion of 50 mg paroxetine resulted in a change in geometric mean difference of 1.17 (95% CI 1.10-1.24) compared to the placebo phase.
Likewise, the relative constriction amplitude decreased significantly with increasing dose of paroxetine (P<0.0001) as shown in Fig. 2 . The geometric mean difference was 0.81 (95% CI 0.71-0.92) in the phase with 50 mg paroxetine compared to the placebo phase.
The effect of paroxetine on metabolic ratios
The median metabolic ratio MR 1 with 25-75% percentile and range is shown for each phase in Fig. 3 . A clear stepwise increase in median is seen with increasing dose of paroxetine. The repeated measures ANOVA was statistically significant (P<0.0001), and the subsequent Tukey's test including geometric mean difference with 95% CI carried out on the values of MR 1 is shown in Table 1 . The MR 1 geometric mean difference between the placebo phase and the highest dose of 50 mg paroxetine was 9.09 with 95% CI of 5.60-14.73. In fact, all dosing steps resulted in statistically significant changes in MR 1 (P<0.05) apart from the step from 20 to 30 mg paroxetine.
As shown in Fig. 4 and Table 1 , the MR 2 also increased with increasing dose of paroxetine. The repeated measures ANOVA shows likewise a significant increase in MR 2 (P<0.0001). In this case a geometric mean difference of 2.84 with 95% CI of 2.15-3.77 resulted in 10 out of 12 subjects changing phenotype from EM to PM by ingestion of 50 mg paroxetine according to the validated CYP2D6 phenotype marker MR 2 .
To summarize, the dosing steps from placebo and from 10 mg paroxetine to 30 and to 50 mg paroxetine resulted in statistically significant alterations in both the dynamic and kinetic parameters: maximum pupil size, relative restriction amplitude, MR 1 , and MR 2 .
Discussion
The aim of the study was to investigate the effect of an inhibition of CYP2D6 caused by paroxetine on the pharmacodynamics and pharmacokinetics of tramadol.
In this study we demonstrate that the maximum pupil diameter is increased and the relative constriction amplitude is decreased with increasing dose of paroxetine. Both are caused by an anticholinergic effect [29] . To our knowledge we are the first to report this clear dose-dependent mydriasis induced by a single dose of paroxetine. Dilatation of the pupil is stated to be an uncommon adverse event for paroxetine [30] and has been reported in the clinic [31] . It has also previously been reported that a single dose of 20 mg paroxetine did not cause any significant effect on the pupil diameter [32] . In the study by Bitsios, the pupil diameter was measured 3 h after ingestion of paroxetine [32] . As paroxetine achieves a maximum plasma concentration 6 h after oral administration [30] , a pupil measurement after 3 h is unlikely to reveal the full effect of paroxetine on the pupil diameter. In the current study the first pupil diameter measurement was performed approximately 9 h after administration of paroxetine, where an effect is biologically more plausible. Paroxetine plasma concentrations would perhaps have elucidated this issue. Furthermore, the correlation between paroxetine plasma concentrations and the endpoints could have been investigated. Unfortunately this was not included in the design of the study and therefore not feasible. On the other hand, the volunteers were a homogeneous group of healthy CYP2D6 EMs who probably display very little interindividual paroxetine PK. This assumption was fortunately supported by the clear correlation between paroxetine dose and both the dynamic and the kinetic end points. We have recently shown that both a single and multiple doses of 10 mg of another SSRI, escitalopram, also caused a decrease in the relative constriction amplitude whereas no effect on the maximum pupil diameter was seen [33] . However a subsequent study showed that daily intake of 20 mg of escitalopram increased the maximum pupil diameter and decreased the relative constriction amplitude [26] . This mydriatic effect is therefore probably a class effect of the SSRIs having affinity for muscarinic cholinergic receptors [31] .
This study did not show any effect of 50 mg single oral dose tramadol on the pupil diameter and subsequently a reduction in the pupil contraction caused by tramadol during concomitant administration of paroxetine could not be demonstrated. The most likely explanation is that a dose of 50 mg tramadol is too low to cause contraction of the pupil. It has previously been shown that the lowest dose of tramadol to cause miosis is 100 mg [24] . Due to the demonstrated opposite effect of paroxetine on the pupil, it is unclear whether a dose of 100 mg tramadol in the present study would have resulted in a measurable pharmacodynamic change related to the pharmacokinetic interaction.
This study also clearly demonstrates that paroxetine is, as expected [34] , a dose-dependent inhibitor of tramadol's O-demethylation via CYP2D6. This result also serves as yet another validation criterion of this CYP2D6 phenotype test. Any cytochrome P450 phenotyping metric should display sensitivity toward drug-induced inhibition [35] , which is exactly what this study shows.
We have previously shown that daily intake of 20 mg paroxetine inhibited the formation of (+)-M1 and reduced the analgesic effect of tramadol [6] . By extrapolation we hypothesize that the reduction in tramadol's hypoalgesic effect caused by paroxetine is also dose-dependent, and the combination of the two drugs should be avoided.
